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ABSTRACT 
" 
':Phis research is concerned with inhibition and inhibitive film formation~ 
using carboxylate-oxidant additives in a system consisting of steel • In a 
.. 
moderately corrosive, chloride-containing e.nvironment. 
More than 25 compounds were tested in combination with 7 oxidants. 
Immersion tests were performed for times up to 1000 days. Electrochemical 
tests were carried out and included polarization resistance, polarization curves 
and AC impedance measurements. Crevice corrosion resistance was also studied. 
Characterization techniques such as, X-ray Photoelectron Sp~ctroscopy 
(XPS), Auger Electron Spectroscopy (AES), Scanning Auger Microscopy (SAM), 
and Fourier Transform Infrared Spectroscopy (FTIR) w.ere utilized to obtain 
surface analytical data. 
Nearly 
moderately 
100% inhibition was obtained with several carboxylates 
alkaline media • using oxygen or nitrate as oxidants. 
• 
ID 
The 
investigation was primarily concerned with acetate, m-nitrocinnamate, cinnamate, 
and cinnamylideneacetate solutions containing dissolved oxygen. 
A mechanism of corrosion inhibition was proposed in which insoluble iron 
I 
cafboxylate compounds are formed at the metal oxide surface. The hydrophobic 
portion of the inhibitor molecule is oriented towards the bulk solution and water 
molecules as well as ions, such as Ct, are shielded from th~ surface. 
"\ 
Chapter 1 
INTRODUCTION 
The importance of metallic corrosion as a major economic factor has been 
widely recognized, its incidence being felt 
• 
lil almost every industry and 
throughout the widest range of service conditions. The overall objective of the 
Corrosion Group is the prevention of wastage due to corrosion, whether arising 
directly from loss of metal or indirectly from the lowering of productivity as, for 
I 
example, when output is reduced or equipment rended useless by corrosion 
failures. 
The • corrosion process is generally an electrochemical reaction which 
includes anodic and cathodic half reactions with the flow of current between 
them. The anodic reaction consists of the passage of ions from the metal into 
solution with the release of elettrons: 
M --------- M+ n + ne (1.1) 
and the cathodic reaction which is the electron _accepting reaction, produces 
hydroxyl ions in neutral or basic environments·: 
H20 + 1/202 + 2e· 2ott· ( 1.2) / \ 
/ 
I 
There are a number of methods used on large scales for combat ting 
corrosion on metals: these include cathodic protection, coatings, equipment 
design, anodic protection, changes in metallurgy, use of inhibitors, etc. 
Corrosion inhibitors are chemical substances that, when added in small 
concentrations to an environment, effectively decrease or prevent the reaction of 
the metal with the environment. Corrosion inhibitors are added to many 
systems such as: cleaning pads, cooling systems, various refinery units, pipelines, 
1 
,1 
chemical operations, steam generators, oil and gas production units, etc. 
Corrosion inhibition is of major significance for the preservation of metals and 
to be used effectively the inhibitor must be compatible with the expected 
environment. 
--~ 
A corrosion inhibitor can be classified in many ways ( 1 ): by their 
composition ( organic or inorganic), mechanism of action ( anodic or cathodic 
co.n trol), or form (solution or vapor phase). 
The chemical structure of the inhibitor also plays a significant role and 
often determines whether or not a compound will effectively inhibit a specific 
system. The use of inhibitors to prevent • of metals has increased corrosion 
manifold during the past twenty five years (2-7). 
~ 
Anodic inhibitors (inhibit the anodic half reaction) such as chromate, 
l 
nitrite, borate, phosphate, moly bdate, and car boxy lates are alleged to work by 
stabi]izing the oxide film on the metal surface (8,9). Among the factors that 
are required for stabilization of these protective films are: appropriate 
concentration of inhibitive anions (10), pH {11-13), and oxidizing power (14-16). 
Carboxylate compounds have been designated type I adsorption inhibitors 
(17). These inhibitors depend upon the presence of oxygen for their effectiveness. 
Forker et. al {18) have reported ,that the effect of oxygen on the behavior of 
these type I inhibitors is explained in terms of the pH change produced at the 
iron surf ace by hydroxide ions formed by the oxygen reduction reaction. These 
hydroxy 1 ions increase the local pH and thereby promote passivation of the iron 
surfa.ce. 
. 
It has been reported (14) that stabilization of the protective passive film is 
mainly a 'result of precipitation of -insoluble iron salts_, often basic salts, which 
2 
I 
• 
, 
1 
contain the carboxylate anion that plug pores. in the passive oxide film. This 
. 
localized uptake is greater if conditions for the stability of the oxide film are 
relatively unfavorable. 1''hose conditions are : low pH (19), the presence of 
aggressive anion~ in the solution (20), or a thin oxide film {21 ). Mayne and 
Page (22) have interpreted autoradiography measurements to indicate that the 
inhibition by car boxy lates is associated with repair of defects and oxide or 
insoluble material formation. 
Mansfeld, Kendig and Lorenz (23), using different inhibitor compounds, 
have distinguished an interfacial, 2 dimensional, adsorbed-inhibitor layer and an 
interphase, 3 dimensional oxide- inhibitor layer system. Carboxylate inhibitors, in 
the presence of oxygen, are probably an interphase-inhibitor system. Aal ~nd 
Wahdan (24) have reported increased passivation of steel using an acetate-nitrite 
system in deaerated solutions. This finding indicates that oxygen is not 
necessary for inhibition by carboxylates (type I adsorption inhibitors) as was 
reported by· others investigators ( 9, 14, 17). 
Hydrophobic surf are films have been observed to develop on· steel specimens 
irnmersed in media containing organic inhibitors (25). The nature of this 
hydrophobic moiety n1ay have a significant influence on the inhibitor 
effectiveness. 
Frenier et. al (25) studied the stabilit_y of the basic ferric benzoate 
They reported that the 
ferric ,benzoate complex has a structure consisting of Fe and O in close 
association at the center of the complex while the -R groups are oriented away 
from the center.. This structure conforms to a model h-aving a hydrated iron 
oxide covered with a surf ace layer which excludes water and ionic species by 
3 
hydrophobic group orientation toward the bulk solution. 
Characterization of the protective passive films using Infrared Spectroscopy 
has been reported by several investigators (26-29 ). AH these investigators agree 
in the fact that metal car boxy late species are indeed present in the passive 
films. Salensky et. al (26) studied the structure of the passive film using XPS 
and reported that chemisorption of N-oleoy lsarcosine occurs in a chelated form. 
4 
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-Ch~pter 2 
EXPERIMENT AL METHODS 
Experimental methods used, to evaluate corrosion inhibition properties of 
the test media with or without additives were: immersion tests and 
electrochemical measurements. The immersion tests were evaluated in tetms of 
the amount of corrosion products or corrosive attack of the substrate. The 
electrochemical measurements determined the corrosion potential of the substrate 
as a function of time, the effect of carhoxy late on the polarization behavior, and 
the effect of carboxylate on the AC impedance behavior at sel~cted DC 
potentials. 
2.1 SPECIMEN PREPARATION 
Substrate materials were SAE 1010 steel obtained from the Q-Panel 
Company (type QD, Cleveland, OH) or 0.025 mm thick 99.9985% pure iron foil 
obtained from John Matthey Inc. 
The samples used in the immersion tests and electrochemical measurements 
\\'ere SAE 1010 steel which were cut to 2cm x 4cm pieces using a shearing 
cutter, then degreased with methyl alcohol and dried before exposure to the test 
-
medium. 
The sampl~s used in the spectroscopic studies were SAE 1010 steel and 
iron foil which were cut to 1 cm x 2.5.cm pieces. The former were degreased with 
I . . 
methyl alcohol and the latter were abraded with silicon powder 1000 grit and 
" 
rinsed with distilled water and methy I. · alcohol before exposure to the test 
medium. 
5 
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2.2 INHIBITIVE COMPOUNDS 
All solutions were prepared using distilled water and reagent grade 
materials except for some organic materials which were not readily available in 
• 
purified form. A corrosion medium (CM) was selected to provide a minimum 
concentration of ions and aggressive species for each test medium. All test 
media were prepared using corrosion medium as the diluent/solvent. The 
corrosion medium· composition was: 
Fluoride (F·) 10 ppm 
Potassium (K+) 10 ppm 
Calcium (Ca++) 50 ppm 
Sulfate {S04--) 100 ppm 
Chloride (Cl·) 300 ppm 
Sodium (Na+) 188 ppm 
The • medium prepared from. 1oo·x stock solutions of the corrosion was 
individual components. The stock solutions were prepared with distilled water as 
given below: 
Sod.ium Fluoride 
Potassium Chlotide 
Calcium Chloride 
Sodium Sulfate 
Sodium Chloride 
(NaF) 
{KCl) 
(CaCl2) 
(Na2S04)· 
(NaCl) 
2.2 g/1 
1.9 g/1 
13.9 g/J 
14.8 g/1 
33.1 g/1 
For preparation of 1000 ml of corrosion medium, 10 ml of each stock 
solution were added to a 1 liter volumetric flask which was half filled with 
distilled water. The calcium chloride stock solution was added first to avoid 
_precipitation problems. The pH of the corrosion medium was 5.5-6.0 as prepared 
6 
... 
. 
with the available distilled water and reagents. 
The test media containing inhibitors were prepared with a variety of 
' 
organic materials with or without oxidizing agents. Several oxidizing 
agent/inhibitor combinations 
• • 1n corrosion medium were evaluated. The 
i:,.hibitor-containing solutions were prepared by neutralization of the carboxylic 
\ 
acids with the stoichiometric quantity of sodium hydroxide. The pH of the 
inhibitor solutions was always adjusted to approximately 9. At this pH the 
inhibitors were present as basic carboxylate anions. 
2.3 IMMERSION METHODS 
Eva]uation of inhibition effects was made using steel 1010 specimens 
immersed in the test media during a period of 7 days unless stated otherwise. 
Duplicate experiments were run in. all cases. Additional experiments were run in 
cases of poor agreement of the duplicates or i11 cases where results were 
considered critical. The specimens were immersed at an inclined angle of 45-60° 
in 50 ml beakers. Forty ml of the test medium were added to the beaker to 
cover the specimen completely. The beakers ,vere loosely covered to allow air 
access to the solution while decreasing the rate of evaporation and excluding 
most air-borne dust. Appearance evaluations and ratings are shown in Table 
2-1. There 
• 
were some cases in which the evaluation was judged to be 
intermediate, therefore a half unit was assigned. 
Additional imn1ersion tests were performed using several types of 
pretreatments. In one of these tests, the specimens were immersed in solutions 
containing high concentrations of inhibitors for short periods of time, usually a 
day, before longer immersion periods in solutions containing lower concentrations 
of inhibitors. ln another test, the specimens were immersed in oxidizing agents 
7 
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RATINGS 
1 
2 
3 
4 
5 
Table 2-1: APPEARANCE EVALUATIONS AND 
RATINGS OF THE 1Iv1MERSION TESTS. 
EVALUATION 
Excellent 
Good 
Fair 
Poor 
Very Poor 
8 
CRITERIA 
No change in solu-
tion appearance, 
no change in sam-
ple appearance. 
Sorr·e edge cor-
rosion (spots) or 
solution di~color-
ation 
Some spots on flat 
surface, areas or 
some Eurface dark-
ening, noticeable 
edge corrosion 
Precipitation pre-
sent, some change 
in color solution, 
darkening or spot-
ting of surfaces 
Blackening or se-
verely changed sur-
face appearance. 
Large change in so-
lution appearance 
with heavy precip-
itation 
before immersion in the inhibitor solutions. Other tests included additions of 
10·4 M metallic ions of cobalt, zinc, barium, nickel, manganese, and tin (II) to 
determine if these metallic ions enhance the corrosion resistance of the film 
formed on the samples immersed in the inhibitors. 
Immersion measurements were also made at 60° Cf in a convection • air 
oven. Immersion specimens were placed in small, screw-top polyethylene bottles 
containing the test electrolyte and incubated in the oven at 60° C. 
Long term immersion tests were carried out under selected conditions using 
some of the better performing inhibitors. 
2.4 ELECTROCI-IEMICAL POTENTIAL MEASUREMENTS 
Corrosion potential measurements were made on test specimens in various 
test media using a saturated ca.Jamel reference electrode (SCE) and an 
electrometer. The specimens were prepared for measurements by insulating the 
edges and making an electrical contact or by • using an 0-Ring seal. In the 
former preparation the samples were cut in the form of 2cm x 4cm sections and 
coated with a thermoplastic cement obtained from Buehler Ltd, leaving an area 
of 1 cm2 without masking in order to make the measurements. In the latter 
preparation , a 25 mm 0-ring sealed glass joint \vas clamped onto the specimen 
test area (8.8 crn2), the glass joint was filled with the test solution 
(approximately 25 ml), a reference electrode was immersed in the electrolyte and 
electrometer measurements were made between the reference electrode and the 
specimen. Specimens coated with the thermoplastic cement were immersed in an 
H-type cell with a reference electrode to make the • corrosion potential 
measurements. 
9 
l 
l 
2.4.1 POLARIZATION CURVE DETERMINATION 
Polarization resistance and polarization curve determinations were 
performed on an EG&G Princeton Applied Research Model 350 Corrosion 
Measurement Console with specimens having I cm2 and 8.8 cm2 area exposed to 
the test electrolyte. Polarization curves were determined at a scan rate of I or 
0.3 m V /s and were begun at the corrosion potential. Polarization resistance 
, 
measurements were determined at a scan rate of 0.1 m V /s from -0.015 to 
+0.005 vs the corrosion potential of the specimen. A"ll potentials are reported 
versus the saturated calomel electrode (SCE). 
2.5 AC IMPEDANCE MEASUREMENTS 
AC impedance measurements were made to help determine the nature of 
the corrosion inhibition observed for selected samples. An EG&G Princeton 
Applied Research Corporation Model 368 AC Impedance System was used to 
take the measurements . These impedance measurements were obtained for each 
sample in the higher frequency range using a lock-in amplifier arrangement and 
in the lower frequency range using a Fast Fourier Transform (FFT) technique. 
~\ detailed description of this technique is given elsewhere (30-32). Specimens 
having a l cm2 area masked with molten (I60°C) thermoplastic cement were 
tested while hanging vertically in 80 .ml of test solution. A three electrode 
measurement system was used. The test cell is shown in Figure 2-1. 
Measurements were taken in the range of 0.01 Hz to-- 20 .MHz. The DC 
_potential was set to the corrosion potential and the measurements were mad·e at 
room temperature .. 
10 
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2.6 CHARACTERIZATION TECHNIQUES 
2.6.1 SPECIMEN PREPARATION 
Specimens for these studies were immersed two days for the elec
tron 
spectroscopy techniques and seven days for the infrared techniques. S
pecimens 
\\-'ere removed from solution and rapidly dried in a freon stream. The 
specimen 
surfaces showed a hydrophobic nature. Additional specimens were imm
ersed in 
m-nitrocinnamate solutions and, upon removal of the solution, rinsed w
ith either 
pure methyl alcohol or O.OOIM NaOH in methyl alcohol and pure methanol
. The 
solution of NaOH in methanol was an excellent solvent for m-nitrocinn
amic acid 
and sodium nitrocinnamate. A steel specimen (blank), not exposed to inhibitor 
or corrosion medium, was rinsed with NaOH in methanol and pure 
methanol. 
Table 2.2 summarizes the specimen treatments and provides specimen Ja
bels. 
2.6.2 ELECTRON SPECTROSCOPIES 
The utility of X-Ray Photoelectron Spectroscopy (XPS), more commonly 
known as Electron Spectroscopy for Chemical Analysis (ESCA), in providing 
quan ti tat iv e ch~ical state information on the outermost 50-75 A ( 5-7.5 nm) of 
a surface is well established (33-35 ). The ESCA experiment involves irradiating 
a sample in high vacuum (less th~n 10·8torr) with nearly monoenergetic soft X-
ray photons and energy analyzing the electrons emitted from the samp
le.. From 
the measured kinetic energy of the electrons and knowing the excitatio
n. energy 
(Mg-Ko), the binding energies of the photoelectrons are determined and plotted. 
Binding energies and chem.ical shifts were measured using a Phys
ical 
Electronics Instrument 11odel 550 ESCA/SAM system with Mg-Ka X-ray 
radiation (1253.6 e·V). Instrumental vacuum was <10-
9torr. Low and high 
12 
Table 2-2: 
Sample 
Designation 
A 
C 
N 
Nl 
N2 
B 
Notes: 
DESCRIPTION OF SAMPLES 
Treatment 
Exposed to lM sodium acetate, 
blown dry with Freon jet 
Exposed to 0.03M sodium cin-
namate, blown dry with Freon 
jet 
Exposed to 0~03M sodium m-nitro-
cinnan1ate, b.lown dry with Freon 
jet 
Exposed to 0.03M sodium m-·nitro~ 
cinnamate, rinsed with pure meth-
a no 1 , b 1 o ~· n dry with Freon j et 
Exposed to 0.03M sodium m-nitro-
cinnamate, rinsed in 0.001M NaOH 
in methanol, blown dry with Freon 
jet 
Substrate not exposed to inhibi-
tor, rinsed in 0.001M NaOH in 
methanol, blow dry with Freon 
jet 
SAE 1010 steel exposed 2 days 
Pure iron foils exposed 7 days 
13 
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resolution spectra were obtained from the different samples. These spectra were 
integrated using a base-line drawn tangent to the base at both sides of the 
peak. This procedure was used with all the spectra since complicating shake-up 
peaks were absent. The quantitative elemental composition of the surface was 
determined from peak areas and elemental sensitivity factors. 
Auger Electron Spectroscopy which can analyze the data coming from the 
top five atomic layers or so of a surface and is capable of uniquely identifying 
each element is very useful in characterizing the passive film. The Auger 
Electron Spectroscopy (AES) and Scanning Auger Microscopy (SAM) data were 
obtained using a Physical Electronics Instrument. Instrumental vacuum was 
<10-9 torr. All the spectra were obtained in the differentiated way, dN(E)/dE. 
The peak-to-peak magnitude of these differentiated spectra generally is directly 
related to the surface concentration of the element \\·hich produces the Auger 
electrons (33). 
2.6.3 INFRARED STUDIES 
Multiple Reflection Fourier-Transform Infrared Spectra were obtained for 
iron foil specimens using a I\1attson Sirius 100-FTlR Spectrometer. A 45° 
KRS-5 (thallium bromide-iodide) internal reflection element \vas used to obtain 
t-he spectra. This element produced 8 reflections from the two metal samples. 
Figure 2-2 shows a schematic drawing of the multiple reflectance accessory that 
was used in the Mattson Spectrometer to record the spectra of thin passive 
films formed on two metal-mirror corrosion test specimens. Forty-eight scans 
were made and averaged for each spectrum and the apertu"re in the spectrometer 
was set at 100%. A multiple reflectance ~pectrum of an abraded iron foil was 
first recorded to serve as a background spectrum. This spectrum was flat and 
14 
featureless. The iron foil samples had a plastic foam pad adhered to the back to 
provide uniform contact pressure on the element when clamped into the 
specimen holder. 
15 
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Chapter 3 
RESULTS 
3.1 SUBSTITUTED ACETATE AND PROPIONATE 
COMPOUNDS 
The results of the immersion tests carried out using substituted acetate 
and propionate compounds are given in Table 3-1. Several of these compounds 
showed excellent inhibition properties at 0.1 M concentration while a few were 
effective at the lower O.OIM concentration. The compounds having low values 
of dissociation constant (pKa==2.3-2.9) did not show inhibitive properties, e.g., 
aminoacetate and chloroacetate, whereas compounds with a pKa range between 
3.8-5.0 yielded good inhibitive properties. 
Cinnamylideneacetate was the inhibitor that gave the best performance at 
the lowest concentration, even in the absence of an oxidizing agent such as· 
nitrite. 
3.2 SUBSTITUTED ARYL CARBOXYLATE COMPOUNDS 
The substituted aryl carboxylates were also evaluated by immersion tests. 
The results obtained are displayed· in Table 3-2. All these aromatic carboxylates 
performed well at O.IM concentration, except o-aminobenzoate and cinnamide. 
Some of the substituted aryl carboxylate compounds gave· fair results at O.OlM. 
cone.en tr at ion. Cinnamate gave good performance at low concentration 
. 
In 
corrosion medium. Derivatives of cinnarnate and benzoate showed better 
inhibition at lo\\'er concentrations that cl.id the derivatives of the acetate and 
propionate carboxy lates. 
17 
Table 3-1: ThtilviERSION TEST RATINGS 
OF SUBSTITUTED ACETATE AND 
PROPIONATE 
Compound 
(Sodium salt) 
Concentra-
tion (M) 
Rating pK a pH Change Initial-Final 
Acetate 
n 
I I (magnesium 
" 
Chloroacetate 
Ethoxyacetate 
" 
Hydroxyacetatea 
II 
" 
b 
" 
C 
b 
Amino ace t.a t e 
2-Naphthylacetate 
" 
Phenylacetate 
0.1 
0.01 
salt)0.05 
0. 0 o:s 
0.1 
0.1 
0.1 
0.1 
0. 1 
0.01 
0.1 
0.1 
0.01 
0.1 
Cinnamylideneacetate O.lss 
Propionate 
" 
2-Chloropropionate 
3~Chloropropionate 
'' 
-Formate 
0.01 
0.1 
0.01 
0.1 
0.1 
0.01 
0.1 
1 
4 
.1. 5 
4. 5 
4.5 
4. 5 
.I 
1.5 
1 
1 
4.5 
3.5 
1 
--
4.5 
1 
1 
1 
1 
4.5 
4.5 
4 
4.5 
5 
4. 8 
II 
2. 9 
3 • 7 
3 .. 8 
11 
" 
" 
2. 3 
4.3 
'JI 
:4. 3 
4.8 
" 
2.8 
4.0 
" 
3.8 
Notes: Ratings are for 7--day immersion period. 
ss-Denotes saturated solution. 
a -Initial test, film fozmed in 4-8 days. 
b -Repeat test, film formed in 8 days. 
c -Repeat test .. 
is 
7.8-7.5 
7.0-7.0 
7.6-7.2 
7.3-6.6 
9.1-7.8 
9.7-7.6 
9 . 1-6 .. 4 
8.8-7.8 
9.3-9~2 
9.0-6.9 
9.0-8.8 
8.9-7 .. 8 
9.3-7.2 
9.0-7.0 
- ~ -
- - -
8. 6.;.7. 5 
- - -
9 . 4 ·- 6 • 7 
9.0-6.0 
9.7-6.3 
7.1-7.3 
• 
•. 
Table 3-2: IMMERSION TEST RA TINGS 
OF ARYL CARBOXYLATES 
Com.pound 
(Sodium salt) 
Benzoate 
II 
. 
I 
o-Aminobenzoate 
m-Aminobenzoate 
" 
p-Aminobenzoate 
" 
m-Bromobenzoate 
" 
p-Chl.o rob en zo ate 
" 
Cinnamate(trans) 
" 
II 
m-Nitrocinnamate 
II 
p-.N it ro c innama t e 
u 
-· Cinnanamide 
Concentra-
tion (M) 
·o. 1 
0.01 
0. ·1 
o·.1 
0.01 
0.1 
0.01 
0.1 
0.01 
0.1 
0.01 
0.1 
0.01 
0.001 
0.1 
0.01 
0.1 
0.01 
0.1 
Rating 
1 
4.5 
4.5 
1.5 
3 
I 
2.5 
I 
2.5 
1 
4.5 
1 • 5 
3.5 
5 
1 
2.5 
1 
3 
4.5 
pK 
a 
4. 2 
" 
5.0 
4. 7 
'' 
4.9 
" 
3.8 
" 
4.0 
" 
4.4 
II 
" 
4.1 
" 
4.0 
II 
--
Note: Ratings are for 7-day immersion peri·od. 
19 
pH Change 
Initial-Final 
9.0-7.8 
9.0-8.7 
7.9-7.4 
7.8-7.2 
8.1-7.3 
7.5-6.9 
9.0-8.0 
9. 6·--7. 3 
9.0-7.6 
9.6-6.0 
7.6 
7.5 
7. 3 
9.9-7.6 
9.7-8.0 
9.3-9.0 
9. 2 
3.3 EFFECTS OF OXIDIZING AGENTS 
The results of the immersion tests obtained in the presence of oxidizi
ng 
agents and two different concentrations of sodium acetate {O. lM and 0.01M) are 
shown in Table 3-3. The best ratings with oxidants, under these con
ditions, 
\\'ere obtained with nitrite, dichromate, and molybdate in this order. The
 results 
observed with dissolved oxygen as the oxidizing agent were nearly as 
good as 
with nitrite and dichromate at pH=8. 
Results of additional tests obtained at different temperatures and oxida
nt 
concentration are given in Table 3-4. Nitrite and dissolved oxygen were 
selected 
for additional testing in combination with selected organic inhibitors. 
3.4 LONG-TERM IMMERSION 1'ESTS 
Long term immersion tests were also conducted, the results are display
ed 
in Table 3-5. Most of the test specimens immersed in se]ected inhibitor solutions 
exhibited little, if any, signs of corrosion. The rating system (Table 2-1) used 
to evaluate signs of corrosion appearing within 7 days, was also used 
in these 
long-term immersion tests and it may be considered a very harsh rating syste
m 
for the long~term tests; therefore ratings of 2 or 3 should be consider
ed as a 
very good performance in the long-term tests. Table 3-5 shows that alm
ost all 
the inhibitors tested in this experimerj tal set yielded good results, especially the 
cinnamate derivatives. The best performance \\'as obtained
 with 
· cinnamylideneacetate at O.OlM concentration. 
zo 
Table 3-3: lliWERSION TEST. RATINGS 
WITH OXIDIZING AGENTS 
Solution 
Oxidizing Agent 
(0.001M) 
CM,O.lM Acetate CM,O.OlM Acetate 
pH=6 pH=8 pH=lO pH=6 pH=8 pH=lO 
H202 4 2.5 2 
3.5 1.5 1.5 
4 3 3. 5 
K~in0 4 4 3.5 3.5 
. 
3.5 1 2 
5a 
Dissolved o2 s: .2. 5 
Notes: Ratin&s are for 7-day period. 
a - Ratings are for 10-day period~ 
b - Ratjng for pH=7 was 1. 
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1.5 1.5 1.5 
3. 5 3.5 3.5 
3. 5 3.5 3.5 
1 1 1 
3.5a 2.5a 3.5a 
-, 
Table 3-4: .IMMERSION TEST RATINGS 
Carboxylates in 
CM, Sodium Salts 
4-Hydroxybutyrate 
" 
C h 1 o .r o a c e t a t e 
" 
Y -Phenylbuty.rate 
" 
m-Aminobenzoate 
" 
A.ceta te 
II 
" 
Propionate 
" 
,, 
OF STEEL AT ROO!vf TEMPERATURE 
AND 60°C 
Concen-
tration, 
(M) 
0~01 
0 •. 1 
0.1 
1 
0.01 
0.1 
0.01 
0.1 
0.001 
0.01 
0.1 
0.001 
0.01 
0.1 
Temperature/Oxidant Concentration 
RT 60°c 6o 0 c 
4. 5 
1.5 
4 
1.5 
1.5 
1.5 
11 
3 
1 
---
4. 5 
1 ~ 
-·--
5 
---
4 
2 
2 
2 
---
---
4.5 
---
---
5 
O.OlM 
nitrite 
1. 5 
2.5 
5 
4. 5 
4 
1.5 
2 
2 
2 
.1 
l 
3 
1.5 
1 
Note! Ratings are for 7-day immersion period 
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3.5 ADDITIONAL IMMERSION TESTS 
A set of experiments was performed in 0.IM and O.OlM hydroxyacetate 
and cinnamate solutions containing 10-4M chlorides of cobalt, nickel, 
• 
zinc, 
barium, manganese, or tin (II). Good inhibition was obtained only with 
cinnamate at both concentrations. 
' 
Another set of experiments was carried out to determine if th.ere was an 
improvement in the corrosion inhibition by pre-oxidizing the steel surface before 
exposure to the inhibitor solution. This pre-oxidation step was done using 
0.001M persulfate, molybdate, chromate, nitrite, nitrate, and hydrogen peroxide 
followed by immersion in O.OIM hydroxyacetate or cinnamate solutions. No 
significant improvement was observed in either inhibitive solution in these 
experiments .. 
Pre'.'"conditioning tests were also performed to help enhance the corrosion 
protection properties of the passive film formed on the steel specimens. In these 
experiments the steel samples were immersed at high concentrations of inhibitor 
for short periods before immersion at lower concentrations for longer periods. 
The steel specimen immersed in 0.1~1 acetate for two days before immersion in 
O.OlM acetate yielded a rating of two after 25 days. From Table 3-1 it is 
observed that a sample immersed in O.OlM acetate exhibited a rating of 4 after 
7 days. Th·erefore, it can be said that pre-conditioning at higher. concentration of 
inhibitor indeed improves the corrosion inhibition. 
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Table 3-5: LONG-TERM I~1MERS10N TEST 
RATINGS 
Test Conditions 
O.lM acetate,pH=7.8, CM. 
0.05M magnesium acetate, CM. 
O.lM propionate, CM. 
0.lM hydroxyacetate, CM. 
0.005M propionate, O.lM acetate, CM. 
0.005M propionate, O.OlM acetate, CM. 
0.004M phenylthiourea, O.lM acetate, 
0.001M nitrite, pH=8, CM. 
O.lM cinnarnylidene£cetate, CM. 
O.OlM cinnamylideneacetate, CM. 
O .. OOSM cinnamylideneacetate, 
O.OOSM hydroxyacetate, CM. 
O.lM cinnamate, CM. 
O.lM m-nitrocinnamate, CM. 
O.lM p-nitrocinnamate, CM. 
O.lM p-aminobenzoate, CM. 
O.OlM Y-phenylbutyrate, O.OlM nitrite, 
CM. 
O.lM chloroacetate, O.OlM nitrite, 
CM. 
O.lM 2-naphthylacetate, CM. 
0.1M 4-hydroxybutyrate, CM. 
O.OlM ~-hydroxybutyrate, O.OlM nitrite, 
CM. 
Immersion 
T.ime (days) 
1000 
805 
952 
805 
952 
949 
I 
966 
840 
790 
777 
855 
804 
785 
784 
894 
894 
806 
921 
894 
Notes: *Rating system is the s.ame as that 
used in 7-da}y tests. 
IJ 
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Ratings* 
2.5 
2.5 
2.5 
5 
1.5 
2 
4 
1 . 5 
2 
3 
1 
1.5 
1 
2.5 
1. 5 
1.5 
2.5 
2~5 
2.5 
-
• 
3.6 ELECTROCHEMICAL POTENTIAL MEASUREMENTS 
3.6.1 CORROSION POTENTIAL AND POLARIZATION 
RESISTANCE MEASUREMENTS 
These measurements v/Pre made using cinnamate, m-nitrocinnamate, and 
cinnamylideneacetate as the inhibitor at concentrations of 0.03M, O.OIM, and 
. 
0.003M . The results obtained from the corrosion potential and polarization 
resistance measurements are shown in Figures 3-1 to 3~6. It was observed that 
generally the three compounds provided excellent inhibition with m-
nitrocinnamate showing the best results at O.OIM and 0.03M concentrations. The 
highest values of . corrosion ·pcten tial and polarization resistance at 0.003M 
concentration were recorded when cinnamylideneacetate was the inhibitor. See 
Figures 3-1 and 3-4. 
The .corrosion potential of a steel sample immersed in. corrosion medium in 
the absence of inhibitor was approximately -0.5v. Figures 3-2 and 3-5 show 
that the E (Corrosion Potential) and RP (Polarization Resistance) values for corr 
steel immersed in 0.0IM cinnamate drop below the value corresponding to the 
freely corroding steel, indicating that no protection was provided by this 
inhibitor at the test conditions. The steel sample immersed . In 0.003M 
cinnamy lid eneacetate showed . some corrosion product formation at the 0-ring 
seal with the remaining area corrosion-free. Steel specimens immersed in 0.003M· 
cinnamate and m-nitrocinnamate were severely corroded after 2 and 13 days of 
immersion time respectively. Visible corrosion usually began adjacent to the 0-
ring in the crevice region and the corrosion was correlated with potentials below 
-0.5 V. 
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Figure 3-1: Corrosion potential versus time for steel specimens 
exposed to 0.003M inhibitor in cotrosion medium. Specimens 
were assembled with an 0-ring seal 
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3.6.2 POLARIZATION CURVES 
Polarization curves were obtained for steel in the presence of O. lM acetate, 
0.03M cinnamate, 0.03M m-nitrocinnamate, and O.OIM cinnamy lideneacetate. The 
results are shown in Figures 3-7 to 3-9. Those concentrations of inhibitors were 
selected on the basis of having the 1ninimum effective inhibitor concentration 
(acetate) or the maximum solubility of the inhibitor • In the electrolyte 
( cinnamy lideneacetate). Figure 3-7 represents the anodic polarization curves that 
were begun at the corrosion potential using a scan rate of 1 m V /s .. The lowest 
current va]ues were observed for cinnamate and the highest for acetate from the ·. 
corrosion potential to 0.4 V. These results suggest that cinnamate formed -a 
more resistive film than the other compounds. Figure 3-8 shows the cathodic 
po]arization curves for steel immersed in the inhibitive solutions. These curves 
were begun at the corrosion potential at a scan rate of 0.3 m V /s. The lowest 
current values were observed for cinnamate and the highest for acetate from the 
corrosion potential to -0.7 V. No diffusion limiting currents were observed for 
m-nitrocinnamate in these cathodic .Polarization curves. A diffusion limited 
current is expected for oxygen reduction in the potential range of -0.6 to -1.0 
·v. Tht' absence of such a diffusion limiting current is presumably du·e to the 
reduction of the -N02 group. These observations along with those of the anodic 
polarization curves suggest that the fi:lm formed on the sample immersed in a 
solution containing cinnamate is more resistive than the film formed on the 
samp]es immersed in solutions containing the other three compounds. 
The po.1arization curves obtained upon reversal of the scan direction at -1.2 
V are shown in Figure 3-9. These curves show the behavior of the steel 
specimens polarized from the hydrogen evolution potential region to -0.2V. The 
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largest anodic current values were observed for acetate and much smaller 
currents for cinnamate. m-Nitrocinnamate and cinnamylideneacetate were the 
inhibitors that exhibited the smallest current values. These results suggest that 
cinnamy lideneacetate and m-ni trocinnamate form the most protective films, 
cinnamate a less protective film, and acetate the least protective film. 
Figure 3-9 shows that the potential upon reversal of the scan directio'n is 
the lowest in the case of cinnamate, followed by acetate, m-nitrocinnamate and 
cinnamylideneacetate which shows the highest potential value. 
3. 7 IMPEDANCE MEASUREMENTS 
Impedance measurements ,vere made at different DC bias potentials. The 
measurements were carried out using two different procedures: 
1. An ·anodic potential was applied to the sample followed by a 
cathodic potential, and 
2. A cathodic potential \Va_s applied to the sample followed by an 
anodic potential. 
The frequency range applied to the samples ,vas 0.01 to 20 000 Hz. The 
imp.edance diagrams are given as Bode plots and the measurements are shown in 
Figures 3-10 and 3-11. 
The data in Figure 3-10, where 0.03M cinn·amate was used as the 
inhibitor, show that the film formed on the sample exhibits a capacitive nature 
· (90° phase angle} at low frequencies. These data were obtained by applying an 
anodic potential to the sample before a cathodic one. Similar results \\·ere 
obtained using the other inhibitive solu_tions. 
When the cathodic potential was applied before the anodic one, Figure 
3-11, the impedance values obtained were a little bit lower than those shown in 
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Figure 3-10. In that case (Figure 3-11) the results obtained were similar for the 
0.03M cinnamate and O.OIM cinnamylideneacetate but small differences were 
observed with IM acetate. 
The AC impedance results suggest that in order for inhibition to occur, an 
air-formed or electrochemically formed complex-oxide layer must be present on 
the steel surf ace. 
3.8 SURF ACE ANALYSIS 
3.8.1 X-RAY PHOTOELECTRON SPECTROSCOPY 
Figure 3-12 sho\\'S the XPS sp(:lctra obtained from the samples described in 
Table 2-2. The most prominent peaks were for iron~ oxygen, arid carbon, with 
. 
small peaks due to nitrogen, calcium, and sodium. The sodium peaks were 
prominent in the cases of the samples immersed in acetate (A), cinnamate (C), 
and m-nitrocinnamate (N) all of which ,vere prepared from the sodium salts. 
Figures 3-13 to 3-16 display the high resolution XPS spectra of Fe(2p3; 2,112), 
C(1S), O(IS),and N(IS) for the same set of samples. More than one chemical 
state of these elements was probably present in the samples, as suggested by 
the broadening of the high resolution spectra. The nitro peak was not observed 
in specimens N2 and B . The percentage atomic concentrations for the high 
resolution XPS spectra are presented as a graph i-n Fi.gure 3~ 17. 
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Figure 3-12: XPS spectra for inhibited: A, acetate; C, cinnamate; 
N, m-nitrocinnamate; stripped [NI and N2], and blank (B] 
specimens. See Table 2-2 for descriptio·n of conditions 
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Figure 3-13: High resolution spectra of iron for samples 
exhibited in table 2-2 
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Figure 3-14: High resolution spectra of carbon for samples 
exhibited in table 2-2 
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Figure 3-15: High resolution spectra of oxygen for samples 
exhibited in table 2-2 
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Figure 3.;..16: High resolution spectra of nitrogen for sa1nples 
exhibited in table 2-2 
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3.8.2 AUGER SPECTROSCOPY 
The Auger electron spectra obtained from the samples N, N 1, and N2 are 
shown in Figure 3-18. Characteristics peaks due to carbon [C(KLL )J, • iron 
[Fe(L~)], oxygen [O(KLL)], nitrogen [N(KLL)], and sodium [Na(KLL)) were 
observed. Scanning Auger Microscopy (SAM) of the samples N and NI (see 
Table 2-2) revealed uniform distribution of the inhibitor based upon the nitrogen 
signal intensity. These results are seen in Figures 3-19 and 3-20 respectively. 
The nitrogen signal intensity was too weak in specimen N2 so that it was not 
possible to map it . 
. 3.8.3 INFRARED SPECTROSCOPY 
Multiple Reflection Fourier Transform Infrared spectra obtained from the 
same set of samples (Table 2-2) are shown in Figure 3-21. Characteristic 
absorption bands corresponding to complexation of the inhibitor molecules with 
the metal substrate \Vere observed for all these inhibitors. Characteristic bands 
due to carboxylate and nitro groups were still observed in the specimen 
immersed in m-nitrocinnamate and stripped with an alcoholic solution of NaOH. 
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Chapter 4 
DISCUSSION 
It has been widely reported that the car boxy late group is one of the most 
effective functional groups for corrosion inhibition (9,10,14,16,36). Based upon 
the results obtained in this research, Tables 3-1 and 3-2, it is observed that 
almost all the car boxy lates tested were indeed effective inhibitors of the 
corrosion reaction in the aggressive environment of the corrosion medium. A 
significant difference in the minimum effective concentration for inhibition was 
observed among the different inhibitors. Several of the substituted acetate and 
propionate carboxylate compounds showed excellent inhibition properties at O.IM 
concentration. Many of the aromatic carboxy ]ates gave good results at 0. IM 
while fair results were observed at O.OlM concentration. Cinnamylideneacetate 
exhibited good results even at 0.003M concentration. Poor resu]ts were obtained 
with formate. The fact that this compound does not have inhibitory properties 
suggests that perhaps some aliphatic, alicyclic, or aromatic "bulk" {hydrophobic 
portion) is also required for inhibition to occur. 
Immersion tests performed in the presence of oxidizing agents showed that 
nitrite was more effective than dissolved oxygen and approximately as effective 
as chromate. Pretreatment of steel specimens in 0.001M solutions of oxidizing 
agents did not improve inhibition in O.OIM hydroxyacetate. Therefore, it can be 
said that air-oxidation appears to be sufficient to provide any required oxide 
surface for inhibitor interaction. 
A sig-nificant difference • In the minimum effective concentration for 
inhibition among the different inhibitors was observed. For example, the 
minimum concentration for acetate was approximately 0.lM, whereas for 
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cinnamylideneacetate, it was less than 0.003M. /' 
Good results were obtained with almost all the inhibitor solutions tested in 
the long term immersion tests. These test specimens were irnmersed for periods 
of up to 33 months (Table 3-5). O.OlM Cinnamy lideneacetate provided excellent 
protection for steel for at least 700 days. 
I1nmersion tests performed in both hydroxyacetate and cinnamate with 
additions of 10-4M metal chlorides indicated that metal chloride additions did 
not improve the corrosion inhibition. 
As it was discussed in section 3.5, preconditioning the specimens at higher 
concentration of inhibitor solutions before switching to lower concentration for 
longer periods was found to enhance inhibition, perhaps due to the fact that a 
thicker or closer packed film was formed at higher concentration of inhibitor. 
The thick film seemed to be protective even when the steel sample was s\.vitched 
to an environment having lower inhibitor concentration (O.OIM). 
Electrochemical measurements · made with the 0-ring sealed 
. 
specimens 
showed that some car boxy I ates were more effective in the inhibition of crevice 
corrosion. Acetate at concentrations 10 times greater than that required for 
general 
. 
corrosion inhibition, was ineffective 
• 1n inhibiting 
. . 
crevice corrosion. 
Cinnamate, substituted benzoates, and cinnamyl derivatives were effective in 
inhibiting 
. 
crevice 
. 
corrosion at concentrations similar to those for general 
corrosion inhibition. No evidence of crevice corrosion was observed in 0.03M m-
nitrocinnamate after more than 20 months. 0.03M cinnamate and 0.003M 
cinnamy lideneacetate provided good inhibition of crevice corrosion for more than 
10 months. ,- Phenylbutyrate ·at 0 .. 03M concentration provided good crevice 
corrosion inhibition for more than 16 months. 
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Polarization curves ( anodic and cathodic) showed that the protective film 
formed in the presence of cinnamate is more resistive (lower value of diffusion 
current, see Figures 3-7 and 3-8) than the film formed in m-nitrocinnamate, 
cinnamy lidenEacetate, and acetate. However, when the polarization curves were 
obtained upon reversal of the scan direction (Figure 3-9) the protective film 
reformed more readily with m-nitrocinnamate and cinnamylideneacetate than 
with cinnamate and acetate. This behavior suggests that the greatest 
. 
crevice 
corrosion resistance of m-nitrocinnamate and cinnamy lideneacetate versus 
cinnamate and acetate is related to their ability to form protective layers on a 
surface with little or no oxide. 
Impedance measurements obtained at different DC bias potentials using 
cinnamate, acetate, and cinnamy lideneacetate suggested that the inhibited layer 
required the presence of an oxide layer on the steel surface. This oxide layer 
could be air-formed or electrochemically formed and it was suitable for the 
development of an inhibited surface. 
The surface films formed upon immersion of the steel samples in the 
inhibitive solutions which were analyzed using XPS, showed the presence of C, 
Fe·, 0, and N peaks. These peaks were identified on the basis of their chemical 
shift which characterizes the chemical environment around an atom. The 
binding • energies determined from the XPS high resolution spect.ra for 
Fe(2p3; 2,112)(Figure 3-13) indicate the presence of oxides (probably hydrated) on 
the metal surface . Figure 3-13 also shows that iron is present on the metal 
' 
surface mainly in the ferric state although some, ferrous species might also be 
present (37,38). 
The hir·· resolution spectrum corresponding to C(lS), Figure 3-15 
' 
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indicates that the dominant species are ==CH-. The carbon signal originating 
from the car boxy late group (B.E.=--=288.0 e V) (26) is present in the case of the 
specimen immersed in acetate but is difficult to observe in the case of the 
specimens immersed in cinnamate and m-nitrocinnamate. This result might be 
due to the fact that the intensity of the signal coming from the carbon is being 
attenuated by the pro~ective passive film. 1.,his attenuation effect is a function 
of the electron mean ~ree path, thickness of the overlay er, etc., thus the 
attenuation of the intensity will be particular for each photoelectron line (33). 
The wide peaks for the O(lS) level, Figure 3-14, results from contributions 
of the following species: iron oxides, hydration \\'ater, carboxylate, and nitro 
groups. The higher binding energy portion of the oxygen peak corresponds to 
the nitro group . This contribution decreases in the order N> N 1 > N2, a result 
to be expected due to the type of treatment that the samples received. Oxygen 
\vith a metal-OH type bond, or oxygen-metal containing bound or adsorbed 
\vater is observed above 530 e V, whereas oxygen in a metal-0-metal bond is 
observed below 530 e V (39). These peaks are difficult to distinguish in the high 
resolution spectra due to the overlaping of all the oxygenated species already 
mentioned. Table 4-1 summarizes the binding energy values obtained in this 
research and values taken from the literature. 
The high resolution spectra for N ( IS) are given in Figure 3-16. Spectrum 
N in this figure clearly shows the presence of nitrogen on the surface in the 
form of nitro group (B.E.==406 e V). Another form of nitrogen was also detected 
and was tentatively associated with nitrogen in the steel, possibly in the form of 
nitride (B.E.==400.1 eV). This attribution is supported by the fact that this 
nitrogen peak (B.E.==400.1 eV) Was also detected in the steel blank and 
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Cot!lpound 
Fe metal 
FeO 
a.-FeOOH 
A* From 
. 
** B From 
Table 4-1: BINDING ENERGIES FOR ELEMENTS 
Fe 2p 3 / 2 
A* B** 
706.9 
709.5 
708.3 
71.0. ·6 
711.0 
711.0 
711.9 
reference 38 
reference 39 
.-
707.3 
710.3 
711.4 
711.4 
711.0 
IN VARIOUS IRON OXIDES 
720.3 
723.8 
724.9 
y 
724.6 
724.6 
:55 
0(1S) 
* A B** 
530.0 530.1 
530.2 
530.1 
530.1 
529.8 530.2 
530.0 
530.3 530.1 
• 
persistence was still observed after rinsing the sample with methanol (N 1) and 
NaOH-methanol (N2). The detection of nitrogen in the form of the nitro group 
confirms the presence of the carboxy late compound in the protective passive 
film. 
Atomic percentages of each element Fe, C, 0, and N, Figure 3-17, were 
calculated using the XPS high resolution spectra. Correlation of these atomic 
percentages with the composition of the iron carboxylates was not accurate due 
to the presence of adventitious carbon . Ho\vever, general trends were observed: 
1. The percentage of carbon is greater for cinnamate and m-
nitrocinnamate than for acetate, Figure 3-17. 
2. The carbon percentage decreases in the order N>Nl>N2, as expected. 
3. The ratios of carbon, oxygen, and iron for the acetate specimen are 
consistent with an iron triacetate complex. 
4. For the cinnamate and m-nitrocinna.mate specimens, the ratios of 
carbon, oxygen, and iron are consistent with a hydrated iron surface 
having 1.5 to 2 molecules of carboxylate per iron atom. 
5. The ratios of iron to nitrogen in the case of the specimen immersed 
in m-nitrocinnamate is low by a factor of approximately 2 ( assuming 
iron dicarboxylate), and is accounted for by assuming that the nitro 
group is located at the outer surface and therefore the intensity of 
the photoelectron line is not attenuated by the overlayer (passive 
film). ~1ore precise quantit~tive information can be obtained by using 
models to account for the attenuation effect of the over layers ( 41,42). 
When the samples were exposed to nitrocinnamate and characterized using 
AES (Figure 3-18), it was observed that the nitrogen signal was sufficiently 
prominent in specimens N and NI to permit mapping its distribution on the 
surface. Scanning Auger Microscopy (SAM) was used to map the surface of 
those samples and the results are shown in Figures 3-19 and 3-20. From these 
pictures it can be seen that there is no localization of the nitrogen on the 
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sample , instead the nitrogen signal appears to be uniformly distributed across 
the surface. This finding is in conflict with the anion uptake and pore plugging 
theory ( 17) which postulates that stabilization of the passive film is due to the 
precipitation of insoluble iron salts, often basic salts, containing the anion at 
points of localized breakdown of the film, this precipitation plugs the pores in 
the film and stops the dissolution of metal. The finding observed in this 
research should be considered a disagreement of degree with the defect repair 
mechanism since the resolution of the Auger mapping is inadequate for studying 
•l 
atomic distribution on a scale of a few nanometers. 
The multiple reflection Fourier Transform Infrared spectra obtained from 
the samples immersed in the inhibitor solutions, Figure 3-21, are supportive, in 
general, of the conclusions drawn from the XPS and Auger electron 
spectroscopic studies. All the infrared spectra show characteristic bands 
corresponding to the groups represented in Table 4-2. 
Specimens N and N2 show prominent bands at 1514 cm· 1 and 1346 cm·1 
indicative of the asymmetric (1514 cm· 1) and symmetric (1340 cm· 1) stretching 
modes of the nitro group respectively. It is observed that the spectrum for 
specimen N2 clearly shows the nitro bands, whereas the electron spectroscopic 
techniques did not detect a strong nitro signal in this sample. 
Several investigators (27 ,28,43) have also reported that upon complexation 
with the steel surface, the inhibitor-metal interaction is expected to form 
car boxy late species at the interface with asymmetric and symmetric stretching 
bands near to, but different from, those at 1550 cm· 1 and 1405 cm-1 for the 
carboxylate group. Besides, due to the anodic nature of the metal surface, 
shifting of the car boxy late-stretching bands in the complexed-inhibitor molecules 
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Table 4-2: FUND AMENT AL FREQUENCIES OF THE CARBOXYLATE 
AND NITRO GROUPS 
Type of vibration 
Carboxylate stretching 
modes: 
asymmetric 
symmetric 
-co 2 deformation 
-c=O stretching mode 
Nitro group stretching 
.modes : 
asymmetric 
symmetric 
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Assigned frequency 
1550 
1410 
650 
1735 
1514 
13·40 
• 
would be expected. This shifting was observed for all the inhibitor molecules 
studied in this research, where the car boxy late stretching modes were observed 
above 1550 cm· 1 and 1405 cm· 1; -CO2 deformation was also shifted to higher 
frequencies than 650 cm· 1 except for the sample immersed in acetate (A). The 
bands corresponding to the nitro group (1520 cm· 1 and 1350 cm· 1) did not shift 
considerably 'from values reported in the literature (44), this fact suggests that 
there is little or no interaction between the nitro group and the metal surface. 
See Table 4-2. 
The surface of the specimens immersed in the carboxylate-inhibited 
solutions was observed to be hydrophobic in nature. This hydrophobicity is 
attributed to the inward direction of the carbonyl groups and the outward 
direction of the hydrocarbon portion of the molecule. Similar results have been 
reported by Frenier et. al (25) and Boerio et. al (27). 
A considerable amount of the surf ace product formed 
• 1n the m-
nitrocinnamate-inhibitor solution was removed by rinsing in methanol and in a 
methanol solution of NaOH as indicated by all three surface analytical 
techniques. 
The results of this research can be summarized as follows: 
I. Almost all th·e car boxy ]ates tested were effective inhibitors of the 
corrosion reaction in the corrosion medium. 
2. Poor results were obtained with inhibitors having "non hydrophobic" 
anion ( e.g. formate) suggesting that perhaps some aliphatic, alicyclic, 
or aromatic "bulkiness" is required to inhibit the corrosion reaction. 
3. The air-oxidation process appears to be sufficient to provide a 
required oxide surface for inhibition to occur . 
4. The results obtained from the electrochemical measurements suggest 
that the carboxylate group seems to be the most responsible for the 
inhibition reaction although some hydrophobicity in the anion is also 
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required. 
5. Crevice corrosion resistance was observed using cinnamate, m-
nitrocinnamate, and cinnamylideneacetate as the inhibitors. Different 
degrees of protection were obtained with those inhibitors and such 
protection was relatPd to the ability of the anions to form protective 
layers on the metal surface. 
6. Better results ·were obtained when oxidized iron ( ferric state) was 
present on , the metal surf ace. 
7. Characterization of the passive film using XPS, AES, SAM, and 
FTIR spectroscopies suggest_ed that incorporation of the anion in the 
protective passive film indeed occurred with the formation of an 
insoluble iron salt, which provides excellent corrosion protection even 
at Jong-time immersion periods. 
8. A hydrophobic behavior was observed on the steel surface upon 
immersion of the samples to the inhibitive solutions. ... 
. 
An explaP-ation of how the car boxy late group inhibits the corrosion 
reaction follows: the non-polar part of the carboxylate anion gives to this anion 
an affinity for the oxide film formed on the metal; This affinity is presumably 
strong enough to ensure adsorption but not strong enough to prevent lateral 
mobility in the adsorbed state, therefore, o\ving to surface diffusion, the 
car boxy late is free to seek out spots of the oxide film where iron atoms in the 
oxide are exposed and where the carboxylate ion can form a metal salt. 
A model is hereby proposed to explain the inhibition of the corrosion 
reaction on steel • using car boxy late compounds. Inhibition by carboxylate 
(:ompounds produces a very stable co;npou_nd, such as ferric carboxylate or 
perhaps a ferric hydroxy carboxylate, at the solution-metal interface. An 
oxidant, in this case dissolved oxygen, is required to maintain the iron in the 
ferric valence state since the substrate metal is a strong reducing agent. The 
o.btained iron salt is sufficiently insoluble to prevent iron ions from becoming 
solvated by complexation with OH· and CI· ( 4"5) at concentrations present in 
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the corrosion medium. Cinnamate, m-nitrocinnamate, and cinnamylideneacetate, 
perhaps due to the fact that they are bulky molecules, provide greater 
hydrophobicity and better shielding characteristics, and thus are more effective 
corrosion inhibitors than acetate. The pH of the medium must be sufficiently 
high to favor the formation of the basic ferric carboxylate compound versus the 
car boxy lie acid because the surface ferric ions must compete successfully with 
the hydrogen ions for the carboxylate 
. ions. The layer beneath the ferric 
car boxy late is a ferric oxide, probably a hydrated form such as FeOOH ( 46). 
The ferric carboxy late layer maintains the underlying oxide in the ferric 
oxidation state by acting as a redox bridge to the oxidant in the aqueous 
medium. 
6.1 
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Chapter 5 
CONCLUSIONS 
It was observed that the corrosion reaction on steel 1010 was inhibited in 
the aggressive environment corrosion medium, by carboxylate compounds such 
as, acetate, cinnamate, m-nitrocinnamate, and cinnamylideneacetate. 
Substituted acetate and propionate compounds displayed good inhibition 
properties at O. IM concentration; whereas aromatic carboxylates such as, 
cinnamate, m-nitrocinnamate, etc., gave good results at a lower concentration, 
0.0111. 
Crevice corrosion inhibition was more effective when aromatic carboxylates 
were tested. Electrochemical measurements and polarization curves showed that 
when carboxylates were tested in comparison to acetate, not only the protective 
film was more resistive but also it was more readily formed. All these results 
suggest that better adsorption of the inhibitor molecule on the metal surface not 
only depends of the nature of the functional group in the inhibitor but also on 
the structure of the rest of this inhibitor molecule. 
AC impedance measurements suggested that the presence of an oxide layer 
on the steel surface is required for the development of an inhibited surface. 
Characterization of the protective passive film using XPS, AES, S .. i\J\1, and 
FTIR techniques detected the presence of carboxy]ate species (ferric carboxylate) 
in the passive film. These carboxylate species are sufficiently stable at pH's < 
10. 
A hydrophobic surface was observed when the steel samples were removed 
from the inhibitor solutions. This hydrophobicity was attributed to an 
orientation of the inhibitor molecule which increases the surface tension of t-he 
62 
sample. 
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